X-ray single crystal analysis of MnS04 • 5H2O shows that the manganese atoms are octahedral ly coordinated by oxygen atoms, four of which belong to water molecules and two to sulphate groups.
Analysis of X-ray [1] [2] [3] and neutron [4] diffraction data from concentrated aqueous salt solutions gives details about the environment of the ions and information about the geometry of the coordination polyhedra. This is particularly useful in the case of direct interaction between the anion and the cation, since information about their relative orientation cannot be obtained through other experimental techniques than diffraction; in the last several years contributions to the knowledge of complex-formation in solution have been provided by the analysis of halogen salt solutions [1, 3, 5] and recently by that of some sulphate salts, i.e. Fe2(S04)3 [6] , CdS04 [7] , In2(S04)3 [8] and Cr2(S04)3 [9] .
Shapovalow and Radchenko [10] examined diffraction data of dilute MnS04 solutions; their analysis was, however, limited to the first hydration sphere and no mention was made of cation-anion interaction, although an indication for its presence is suggested by the values of equilibrium constants [11] . We therefore undertook a detailed analysis of the diffraction data of two concentrated MnS04 solutions, which is reported in this paper, together with the single crystal structure determination of MnS04-5H20.
Experimental and Data Processing
MnS04 • H20 (Merck reagent grade) was dissolved in water to give a 2M (Sol. A) and a saturated Reprints request to Dr. Ruggero Caminiti, Istituto Chimico, Universitä di Cagliari, Via Ospedale 72, 09100 Cagliari, Italy.
(Sol. B) solution. Mn + + and SO^-contents were determined by titrations with standard EDTA [12] and with a cation exchange resin (Dowex 50W-X8). The analytical results are given in Table 1. X-ray scattering data were obtained at 20i 1°C on a $ -& diffractometer using Moka radiation (wavelength X = 0.7107 Ä). A divergent beam was diffracted at the horizontal surface of the sample and then monochromatized by reflection from a curved quartz crystal. The observed range of scattering angles (2$) was from 3° to 134°, corresponding to the range 0.46 Ä -1 ^ 16.3 A -1 , where s= (4tt/A) sin $ is the scattering variable. The measured intensities were corrected for background, polarization and absorption [13] , and smoothed by fourth differences [14] , The Compton contribution was evaluated by a semiempirical method [15] in order to account for the monochromator discrimination. The corrected intensities were scaled to the independent scattering factor for the solution using both the analytical method [16] and visual comparison. The structure function w r as then constructed according to where ji are the atomic scattering amplitudes corrected for anomalous dispersion, x\ are the stoichiometric coefficients in a structural unit containing m kinds of atoms and /e.u. is the intensity in electron units. The scattering factors were computed according to an analytical formula using the coefficients proposed by Hajdu [17] for H2O and S, and by Cromer and Waber [18] for 0; that of Mn was interpolated from the values given in the International Tables [19] . The experimental correlation function G(r) was obtained from i(s) by Fourier transformation according to
«min where r is the interatomic distance, smin and smax are the lower and upper limits of the experimental data and £0 is the bulk number density of the stoichiometric units. Before calculating the final correlation function, the structure function si(s) was corrected for residual systematic errors by means of a procedure described by Levy, Danford and Narten [15] . The method is based on removal of spurious peaks of the G(r) curve in the low r region, where they clearly do not correspond to any interatomic distance; the peak due to S-0 distance was also removed according to a procedure previously described [20] .
Single crystal
Crystals suitable for X-ray analysis were obtained by evaporation of a concentrated water solution of MnSC>4 • H2O (Merck reagent grade). A crystal of dimensions 0.13x0.17x0.30 mm was sealed in a Lindemann glass capillary and used for X-ray data collection. Preliminary cell dimensions were obtained from Weissenberg photographs and were refined together with orientation matrix by least squares fit to the values of 1 and cp of 20 reflections accurately measured on a Siemens AED diffractometer. Intensity data were collected by the $ -2$ scan technique, using zirconiumfiltered Mo-ka radiation {X = 0.7107 Ä); the values of I and a (I) were corrected for Lorentz-polarization effects; no absorption or extinction corrections were applied. The structure was solved by conventional Patterson and Fourier techniques; positional and isotropic thermal parameters of non-hydrogen atoms were refined by full-matrix least-squares methods using reflections with /^2.5a(/); the (2) 5000 (0) 5000 (0) 0000 (0) S 0345 (1) 2886 (1) 6593 (2) 0(1) -0646 (5) 1536 (3) 7206 (5) 0(2) 2668 (5) 3271 (3) 8302 (5) 0(3) -1162 (5) 3709 (3) 6617 (6) 0(4) 0582 (5) 2975 (3) 4260 (5) 0(W5) 8237 (6) 0790 (4) 1699 (7) 0(W6) 3242 (6) 1178 (3) 1912 (7) 0(W7) 4786 (6) 4001 (3) 3271 (6) 0(W8) 7669 (5) 4035 (3) 0331 (6) 0(W9) 4581 (6) 1332 (3) 6708 (6) H ( 2 , where w= I/a 2 . After three cycles the R factor was 0.066; anisotropic temperature factors further lowered the R factor to 0.043. In a difference map calculated at this stage, the highest peaks were between 0.5 and 0.7 el Ä -3 and could all be identified as possible positions for hydrogen atoms. With the H atoms held fixed in the Fourier positions [B = 3.5 Ä 2 ), the least squares refinement was continued until all parameter shifts were smaller than the corresponding standard deviations. Final positional parameters are given in Table 2 . Anisotropic temperature factors together with observed and calculated structure factors are available from the authors. Atomic scattering factors were taken from [19] . Dm (flotation) = 2.07; Z = 2; Dc = 2.095 g/cm-3 ; F(000) = 246; space group P1 (from structure analysis); pi = 19.96 cm -1 . A total of 1408 independent reflections were measured up to 2&^52°.
The final R factor is 0.034 for the 1334 refined reflections and 0.036 for the 1408 measured ones. 
Analysis of the Results

a) Solutions
The experimental structure functions si (s) and the resulting correlation functions G(r) are plotted in Figs. 1 and 2 respectively. In the experimental G(r) four peaks are present, with their maxima centered at about 2.2, 2.8, 3.5 and 4.2 A.
The dominant peak at 2.2 Ä, a value comparable with Mn-0 distance in the crystal structure, is to be ascribed mainly to Mn-0 nearest neighbours interactions; a partial contribution to this peak comes also from the 0-0 interactions within the sulphate group, which fall at 2.4 A.
The peak at 2.8 A is to be ascribed to 0-0 nearest neighbours interactions between hydrogen-bonded water molecules, which are present both in the bulk and in the cation hydration shells; further contributions to this peak come from interactions among oxygen atoms of the sulphate ion and anionic hydration water molecules.
The large peak at 4.2 A should mainly result from the interactions between Mn 2+ and water molecules in the second coordination shell (Mn-(0H2)n) and partially from the trans water molecules within the cation hydration complex. This peak contains also the contributions from S0^-H20 interactions (distances between sulphur atom and H20 molecules).
The peak at 3.5 A, which is well defined in the saturated solution but less evident in the 2M one, should derive from Mn-S contacts within the expected Mn(H20)6-2(0S03)+ 2 -2z : complexes. Its value is very close to the Mn-S distance in the crystal structure and falls within the range (3.20-3.50 A) found for cation-sulphur interaction in the previously investigated solutions [6] [7] [8] [9] .
b) The crystal structure
The main features of the crystal structure of MnS04 • 5H20 agree with those of MgS04 • 5H20 [21] and CuS04 • 5H20 [22] , The two non-equivalent manganese atoms in the unit cell, Mn(l) and Mn(2), have very similar surroundings. Each of them is octahedrally coordinated by oxygen atoms, four of which belong to water molecules and two to sulphate groups. S04 tetrahedra share two corners with adjacent Mn0(6) octahedra giving rise to polymeric chains, which run along [1 1 0]; a view of the chains down c axis is shown in Figure 3 . The values of bond distances and angles are given in Table 3 . Within the MnO(6) octahedra the two MnOSo4 distances (average value 2.190 Ä) are longer than Mn-0H20 ones (average value 2.145 Ä), as also found in MgS04 • 5H20.
In the SO4 group, which has a very regular tetrahedral geometry, S-0 distances are in the range 1.46-1.48 Ä, but no significant difference exists between distances involving the two free oxygen atoms and those bonded to the manganese ions. The bonding angles at the bridging oxygens, that is the
Mn-O-S angles are very close in the two independent polyhedrons (139.8°-140.8°); the corresponding Mn-S distances are 3.47 Ä.
There are five independent water molecules in the structure, only one of w r hich W9, is not bonded to manganese. The arrangement around W9 is approximately tetrahedral. It forms two hydrogen bonds to 0(1) and 0(2) and accepts two bonds from water molecules coordinated to manganese.
All the hydrogen atoms bonded to the water molecules coordinated to the metal ions are involved in almost linear hydrogen bonds, given in Table 4 ; they are arranged as in MgS04 • 5H20 and CuS04 • 5H20 and are responsible of the structural packing. The hydrogen-atom positions suggest a tetrahedral coordination for water molecules bonded to Mn(l) and trigonal for those bonded to Mn (2) . This arrangement w r as deduced by the values of bond angles around the oxygen atoms and by the distance of one hydrogen atom from the plane defined by manganese, oxygen and the second hydrogen atom. 
(8)
Bond dis-2.156 (7) tances and 2.136 (10) angieS with 2 191 (9) standard 2147 (7) deviations in 2138 (6) parentheses. 
Refinement of the Structural Model in Solution
In order to get more detailed information than that given by the experimental G(r), the analysis based on the refinement of a model structure function was used [23] [24] , The contribution of discrete interactions to the structure function is accounted for by using the Debye formula modified to give a Gaussian like distribution of interatomic distances while a uniform distribution of distances is described by the formula propsed by Narten and Levy [25] . Least squares refinement of the model parameters were performed by the PUTSLR program [26] connected with the generalized least-squares LETA-GROP program [27] ; the minimized function was (J = 27 (fobs («) -icalc(s)) 2 .
The starting model was built up assuming octahedral geometry around the cation with an apex filled by an oxygen atom of SO^3 group; the structural parameters including the relative position of SO^ tetrahedron and Mn0(6) octahedron were taken from the single crystal structure. A second hydration shell around the cation was also considered by introducing two waters around each of the coordinated water molecules; an hydration sphere was also assumed around the oxygen atoms of the sulphate groups. (4) and (H20)i=6-2-(0S03)2 were held fixed and given the values found in the single crystal structure.
d) The ^(h20)i-(H20)i> its mean square deviation (°-(H20)i-(H20)h an( l the number of interactions ( w (H20)i-(H20)n) i n the second hydration shell of the cation, where no fixed orientation of the external water molecules was assumed; therefore also ?"MN-(H2o)h AN( L its mean square deviation ( (T Mn-(H2o)n) were considered as independent parameters.
e) The number of ws_h2o interactions together with TOS-H2o AN( L r s-H2o distances and their mean square deviations öos-h2o anc^ ff s-H2o-f) roij and (Toy, pertinent to Mn-H20, S-H20, 0-H20 and H20-H20 contacts, which are the terms of higher weight in a uniform distribution of distances.
The structure and correlation functions obtained from the best fit are compared with the experimental data in Figs. 1 and 2 . The agreement is very satisfactory and supports the consistency of the proposed model with the experimental data; minor differences can be attributed to the fact that the complex (2) geometry found in the crystal has been rigidly maintained in solution, where small variation of the Mn-O-S angle and of the relative orientation of the sulphate group and MnC>6 octahedron can be expected. The final values of the most significant parameters are given in Table 5 .
Conclusion
From the final values of the structural parameters the following conclusions can be drawn:
The parameters referring to the manganese ion confirm its octahedral coordination by six oxygen atoms, with a value for the Mn-0 distance, 2.20 Ä, very close to that found in the crystal structures of MnS04-5H20 and of Mn(N03)2 • 4H20 [28] , The same value was also found in the solutions of MnS04 [10] and Mn(C104)2 [29] .
The hypothesis of the presence of a second hydration shell around the Mn 2+ ion should be accepted, with a network of hydrogen bonding among inner and outer water molecules. The possibility of a second hydration shell around the cation was taken into account neither by Ohtaky in the case of Mn(C104)2 [29] solution nor by Shapolow and Radchenko for MnS04 [10] .
As for the average number of SO,f groups directly bonded to the cation, the least squares refinement gives final values of Z = 0.75 (6) and 0.92(8) for 2M and 3.775M solutions, respectively; these values are in good agreement with those calculated from the stability constants [30] , if these are assumed to be valid in the range of concentrations used in the present analysis.
From the final value of the Os-Os distance it is possible to calculate the value of S-0 by assuming a tetrahedral geometry for SO^; its value, 1.50 Ä, is in good agreement with that found both in crystal structures and in the previously investigated solutions; the agreement is good also for the values found for the parameters which refer to the hydration of the SO^ group.
